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Abstract: We report on an iterative design scheme for and the first 
experimental demonstration of active narrowband multi-wavelength filters 
based on aperiodically poled lithium niobate crystals. A simultaneous 
transmission of 8 wavelengths, each with a ~0.45-nm linewidth and nearly 
100% peak transmittance, was achieved in such a device. The transmission 
spectrum of this device can be tuned by temperature at a rate of ~0.65 
nm/oC. 
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1. Introduction 
Optical filters are indispensable elements in many optical systems for the processing of the 
spectral content of optical signals. Narrowband optical filters are particularly useful in the 
areas of optical signal processing and communications. Among the optical filter technologies, 
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multilayer optical thin-film coating [1] could be the most popular one. However, thin-film 
filters operate passively with fixed spectral characteristics. Evidently, an active and tunable 
optical filter would be very useful in applications requiring spectral adjustment. Šolc filters [2] 
are a kind of narrowband birefringence filter whose spectral transmission characteristics can 
be tuned by using the electro-optic (EO) effect or by varying the crystal angle to change the 
phase-retardation-matching condition in the filter. A conventional Šolc-type filter built in a 
single-domain birefringence crystal has to adopt a periodic electrode configuration to 
modulate the sign of the relevant EO coefficient so as to convert the polarization modes of the 
waves in it [3, 4]. Since the sign of the EO coefficient in a periodically pole crystal is 
periodically changed due to the periodic reversal of the crystal domain, a Šolc-type filter built 
into such a crystal can have a simpler electrode configuration, permitting the use of the full 
device length. The demonstration of Šolc-type filters in periodically poled lithium niobate 
(PPLN) crystals was recently reported with emphasis on single-wavelength spectral tuning [5] 
and power modulation [6]. 
Unlike the uniform grating structure commonly adopted by a PPLN crystal, an aperiodic 
grating can be implemented into a lithium niobate crystal to provide more than one grating 
vector from the spatially modulated domain lattice. The multiple grating vectors can be 
designed to simultaneously compensate for several wave-vector mismatches that arise from 
multiple wave-energy coupling processes in an optical medium. Such a scheme has been 
adopted by the so-called quasi-phase-matched (QPM) nonlinear wavelength conversion. For 
example, the concept of using an aperiodic grating structure has been applied to the design of 
a broadband QPM second-harmonic generator with the assistance of the simulated-annealing 
(SA) algorithm [7, 8]. More recently, aperiodically poled lithium niobate (APLN) crystals 
were also used for demonstrating equal-gain multi-wavelength second-harmonic generations 
[9]. We report in this paper the successful implementation of the SA algorithm to the design 
of multi-wavelength Šolc-type filters based on APLN crystals. We also demonstrate, to the 
best of our knowledge, the first electro-optically active narrowband multi-wavelength APLN 
filters for use in the telecom C band (~1530-1570nm). In the remaining part of this paper, we 
abbreviate the name of this multi-wavelength filter as “EO APLN filter”.  
2. Device design and simulation 
When modeling the EO APLN filter, we assume the filter consists of a sequence of N crystal-
domain blocks, each with a thickness of Δx and a domain polarity of either +1 or −1 denoting 
the +z or −z crystal orientation of the block, respectively. Consider the ordinary and 
extraordinary polarization modes, propagating along the APLN crystallographic x axis with 
the wave numbers βo and βe, respectively. When an external electric field Ey is applied along 
the APLN crystallographic y axis, the perturbed part of the dielectric tensor of the crystal 
becomes aperiodically modulated along the x direction due to the sign reversal of the relevant 
Pockels coefficient r51 upon the reversal of the crystal domain in z. In the limit of weak 
perturbation, the power exchange between the two polarization modes in such a dielectric-
modulated structure can be described by a pair of co-directional coupled-mode equations [10], 
given by 
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where i is the imaginary unit 1− , Ao(x) and Ae(x) are the field amplitude envelopes of the 
ordinary-wave and extraordinary-wave modes, respectively, eo βββ −=Δ  is the wave-vector 
mismatch between the two modes, and κ(x) is the coupling coefficient defined by 
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In Eq. (2), λ0 is the vacuum wavelength of the electromagnetic waves, no and ne are the 
refractive indices of the ordinary-wave and extraordinary-wave modes, respectively, and the 
sign function s(x) = ±1 denotes the ±z domain polarity of the APLN crystal block at position x. 
If we let xj = jΔx represent the position of the j-th block of the APLN for j = 0, 1, 2…(N-1), the 
general solution of Eq. (1) at position xj+1 can be expressed as 
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Assuming the initial conditions, Ae(0)=0 and Ao(0)=1, for an incident ordinary wave, the 
transmittance of the optical power in this EO APLN filter can be defined as 
2)0(/)( oNe AxAT = .      (4) 
The transmittance evidently depends on κ(x) and thus on the binary sequence of s(x) and Ey. 
For a given Ey, the maximum achievable transmittance at certain wavelengths can be obtained 
from Eq. (3) by summing the fields from all domain blocks with s(x) optimized from some 
iteration process. 
To find the optimum domain sequence for obtaining equal and maximum transmittance at 
certain wavelengths, we developed a computer code to calculate Eq. (4) based on the SA 
algorithm. The algorithm is similar to that used in Gu et al.’s work [11] for optimizing second 
harmonic generation (SHG) with multiple input wavelengths in an aperiodically QPM 
material. In our computer code, the objective function, which was previously used in Ref. [11] 
as a convergence criterion for both maximizing and equalizing the SHG conversion 
efficiencies of prescribed M SHG output was modified to be 
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where T0(λα), Tcal(λα), and w(λα) are the expected transmittance, the calculated transmittance 
from Eq. (4), and the weighting factor at wavelength λα, respectively, 0<β <1 is an adjustable 
parameter for equalizing peak transmittances, and the operators max[…] and min[…] select 
the maximum and minimum values among all the possible values of the variable in the square 
brackets. By using the computer code, we were able to obtain peak transmittance that is a few 
times larger than the value previously calculated by using the Jones-calculus technique [12] 
for the same filter length and the same applied electric field. For example, 2.9-time 
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enhancement in power transmittance was obtained from our computer code when we designed 
the same four-wavelength filter in a 5-cm long APLN crystal [12]. We also found from our 
calculation that an EO APLN filter can achieve nearly 100% transmittance for all the design 
wavelengths at an optimum driving field. 
To perform a proof-of-principle experiment, we designed an EO APLN filter that 
transmits 8 International Telecommunication Union (ITU) wavelengths, λ1= 1541.34, λ2= 
1543.73, λ3= 1546.11, λ4= 1548.51, λ5= 1550.91, λ6= 1553.32, λ7= 1555.74, and λ8= 1558.17 
nm, at 37.5oC with a 300-GHz frequency separation between adjacent channels. In the 
computer code, we set the parameters T0(λα)= 1 and w(λα)= 1 for α = 1, 2, 3,…,8 to maximize 
the transmittances at all the 8 designated wavelengths with equal weighting. We chose β= 0.4 
in Eq. (5) to ensure equalization of the peak transmittances. Although a short domain 
thickness Δx is preferred for optimizing the device performance, we chose Δx= 5 μm to meet 
our current ability in LiNbO3 crystal poling. The total number of the domain blocks was set to 
be 10000 so that the length of the EO APLN filter was 5-cm. Figure 1(a) shows the calculated 
transmittance of the 5-cm long APLN filter (green curve) as a function of the applied electric 
field, from which we determine an optimum driving field of 277 V/mm at the peak 
transmittance. The green curve in Fig. 1(b) shows the transmittance of the filter as a function 
of the input wavelength at the optimal driving field, indicating nearly 100% transmittance for 
all 8 channels in our design. According to the green curve in Fig. 1(b), the noise floor for 
polarization cross-talk is approximately 25 dB lowered from the peak transmittance. For 
slowly varying field envelopes in the filter, the output field amplitudes are proportional to the 
Fourier transform of s(x) evaluated at the spatial frequency eo βββ −=Δ , according to Eqs. 
(1, 2). Therefore the applied field Ey has a negligible effect on the transmission wavelengths 
of the filter. However, the coupling coefficient κ  and thus the transmittances are dependent 
on Ey. As shown by the black dashed curve in Fig. 1(b), the transmission spectrum of the filter 
driven by an intermediate field of 100 V/mm shows the same peak transmission wavelengths 
but has lower peak transmittances. 
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Fig. 1. (a) Calculated transmittance versus applied electric field for the 5-cm long APLN filter 
(green curve) and a 5/8-cm long PPLN filter (blue curve) phase-matched at 1548.51 nm. The 
peak-transmission driving field for the PPLN filter is 2.4 times larger than that for the APLN 
filter. (b) Calculated transmission spectra for the APLN filter driven at the optimal field 277 
V/mm (green curve), the APLN filter driven at 100 V/mm (black dashed curve), the single-
segment PPLN filter driven at 675 V/mm (blue dash-dotted curve), and the 8-segment cascaded 
PPLN filter driven at 675 V/mm  (red dotted curve). The crosstalk among channels renders the 
cascaded PPLN filter useless. 
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In addition, our calculation predicts a signal transmission spectral width of ~0.45 nm for 
each of the 8 channels at the optimal driving field in the EO APLN filter. We found that the 
transmission width of a 5-cm long PPLN Šolc-type filter is also about 0.45 nm, despite that a 
PPLN filter only transmits a single wavelength. If one would cascade 8 equal-length segments 
of PPLN, each having a length of 5/8 cm and a suitable grating period, to form a 5-cm long 
Šolc-type filter for transmitting the same 8 ITU wavelengths, this PPLN filter would not only 
have a much higher driving field but also become impractical due to the crosstalk among the 
broadened channel peaks. The blue curve in Fig. 1(a) shows the calculated transmittance of a 
5/8-cm long single-segment PPLN filter phase-matched at 1548.51 nm as a function of the 
applied electric field. It is evident from the figure that the driving electric field at peak 
transmittance for the PPLN filter is increased by 2.4 times from that of the APLN filter. For 
comparison, we also plot in Fig. 1(b) the transmission spectra of the single-segment PPLN 
(blue dash-dotted curve) and the 8-segment PPLN (red dotted curve) at the peak-transmission 
field of 675 V/mm (refer to the blue curve in Fig. 1(a)). It can be seen from the figure that the 
spectral width of the single-channel PPLN filter is 8.4 times larger than that of the APLN 
filter. Furthermore, the severe crosstalk and the decreased transmittance render the cascaded 
PPLN filter useless. The comparison in Fig. 1 indeed unambiguously illustrates the superior 
performance of an EO APLN filter over a cascaded EO PPLN filter. 
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Fig. 2. Calculated (solid line) and measured (open circles) transmission spectra of the 5-cm 
long EO APLN filter. The two spectral curves agree reasonably well, except that the side lobes 
in the experimental curve are more apparent. The inset shows a microscopic image of an HF-
etched z surface of the fabricated APLN crystal. The label in the inset indicates the width of the 
unit domain block used in this APLN crystal, i.e., Δx= 5 μm. 
3. Experimental demonstration and discussion 
We fabricated the APLN crystal by using the conventional electric-field poling technique 
[13]. The fabricated APLN multi-wavelength filter has a dimension of 5 cm in length, 1 mm 
in width, and 0.5 mm in thickness. The end faces of the APLN crystal were optically polished 
but were without any optical coating. The two y faces of the APLN crystal were sputtered 
with NiCr alloy to form side electrodes. The performance of the EO APLN filter was then 
characterized by using a single-mode, fiber-coupled amplified-spontaneous-emission (ASE) 
light source in the telecom C band. The output beam of the ASE source was collimated and 
size-reduced to a radius of ~110 μm in the crystal. The APLN crystal was installed in a 
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temperature controlled oven with an in-line polarizer at the input end and an analyzer at the 
output end of the crystal. The transmission axes of the polarizer and the analyzer were aligned 
along the y and z axes of the APLN, respectively. Figure 2 shows the calculated (solid line) 
and measured (open circles) transmission spectra of the 5-cm long EO APLN filter at 37.5oC. 
The inset shows a microscopic image of an HF-etched z surface of the fabricated APLN 
crystal, which indicates the aperiodicity of the domain structure synthesized from the 5-μm 
long domain blocks. By inspecting the resulting sequence function s(x) or the fabricated 
APLN crystal, we found the aperiodic domain structure was composed of 3 different domain 
thicknesses Δx= 5 μm, 2Δx= 10 μm, and 3Δx = 15 μm. Most of the constituent domains have 
the thickness of 10 μm, which is consistent with the QPM coherence length of 10.62 μm for 
an EO PPLN device working in the telecom C band [14]. The experimental data in Fig. 2 
indicate >90% peak transmittance measured for all the 8 wavelength channels. Although the 
location and width of each channel are in good agreement with the theoretical predictions, the 
side lobes in the measured data appear to be more apparent than those in the calculated 
spectrum. To understand the slight discrepancy between the experimental and calculated 
results, we first conducted a set of computer simulations similar to that in Ref. [9] to account 
for the domain-width variations incurred during the electric-field poling process. The 
simulations indicate that the EO APLN filter is insensitive to this type of fabrication errors, as 
also concluded in Ref. [9] for APLN wavelength converters. We also investigated the effect of 
the off-axis incidence of a Gaussian laser beam. The off-axis incident angle changes the 
spatial harmonic in s(x) and shifts the transmission spectrum. For the laser beam to stay within 
the 1-mm crystal width over a length of 5 cm, the largest possible incident angle for a 110 
μm-waist laser beam is about 15 mrad, as illustrated by the upper-left inset in Fig. 3(a). We 
calculated this worse-case output spectrum of the EO APLN filter in Fig. 3(a) (green curve). 
The off-axis incidence of the laser beam indeed causes a slight spectral shift of ~+0.17 nm, 
but does not give a noticeable change to the peak transmittances. A similar conclusion can be 
drawn from the estimate of the angular acceptance bandwidth of a QPM nonlinear optical 
material due to the beam walkoff effect. Following the similar derivation in [15], we obtain 
the angular acceptance bandwidth for 1% reduction from peak transmittance in an EO PPLN 
filter, given by 
φ
π
δφ cos6296.02%1 L
l
n
n c
o
e
= ,    (6) 
where φ is the laser incident angle relative to the normal to the crystal surface, L is the crystal 
length, and lc is the coherence length of the EO QPM process. For φ = 0, L = 5 cm, and lc ~ 
10.62 μm for telecom C-band wavelengths, the angular acceptance bandwidth %1δφ  in such 
an EO PPLN filter is approximately 15 mrad. Therefore the divergence and the off-axis 
incidence of the input laser beam can not be the only source causing the discrepancy. 
In our investigation, the discrepancy can be explained by a slight temperature gradient 
across the longitudinal direction of the 5-cm long APLN crystal in our homemade crystal 
oven. The red curve in Fig. 3(a) shows the simulation result for the 5-cm long EO APLN filter 
with a temperature gradient of −0.1oC/cm decreased from the center to both ends of the crystal. 
With that amount of temperature gradient, the red-curve spectrum in Fig. 3(a) indeed unveils 
the side lobes and reduced transmittance similar to those in the measured spectrum. To verify 
this temperature effect, we further fabricated another 1-cm long EO APLN filter designed for 
filtering four wavelengths in the telecom C band. Figure 3(b) shows a comparison of the 
calculated and measured output spectra of this short EO APLN filter, indicating excellent 
agreement between the theory and experiment. 
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Fig. 3. (a) Green curve: Calculated output spectrum of the 5-cm long EO APLN filter with a 
15-mrad laser incident angle and without a temperature gradient in the crystal. The upper left 
inset illustrates the laser-incidence geometry. Red curve: Calculated output spectrum of the 5-
cm long EO APLN filter with a temperature gradient of −0.1oC/cm decreased from the center 
to both ends of the crystal. The upper-right inset illustrates the temperature gradient in the 
device. (b) The calculated (red solid curve) and measured (black dotted curve) output spectra of 
a 1-cm long EO APLN filter, showing a great improvement in the spectral agreement. 
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Since the refractive indices of the crystal are temperature dependent, it is possible to tune 
the transmission spectrum of an EO APLN filter by varying the temperature. Figure 4 plots 
the measured spectral tuning as a function of temperature for the 8 transmitted wavelengths of 
the 5-cm long EO APLN filter. A tuning rate of ~0.65 nm/oC can be derived from the plot. 
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Fig. 4. Measured spectral tuning as a function of temperature for the 8 transmitted wavelengths 
of the 5-cm long EO APLN filter. The tuning rate is about 0.65 nm/oC. 
4. Conclusion 
In conclusion, we have successfully demonstrated active multi-wavelength optical filters by 
using EO APLN crystals. We derived a coupled-mode theory to model the device behavior 
and developed a computer code based on the simulated-annealing algorithm to optimize the 
design of such EO APLN filters. Figure 1 clearly shows the superior performance of an EO 
APLN multi-wavelength filter over a cascaded EO PPLN filter. In experiment, we 
simultaneously transmitted 8 ITU-standard wavelengths through a 5-cm long EO APLN filter 
with a transmittance of >90% and a bandwidth of ~0.45 nm for each wavelength channel. The 
transmission spectrum of the EO APLN filter can be conveniently tuned by temperature at a 
rate of ~0.65 nm/oC in the telecom C band. We found that the performance of this device is 
much more sensitive to the temperature gradient than to the domain-width variation in the 
crystal. Although the EO APLN filter is well demonstrated in the telecom C band, the 
application of such a filter is apparently not limited to optical communications. To operate at 
the TTL-level voltage, the EO APLN filter presented in this paper could be implemented in, 
for example, a Ti-diffused LiNbO3 waveguide [14]. The APLN wavelength filter can also be 
cascaded with an APLN or a PPLN wavelength converter to perform integrated optical signal 
filtering and mixing. 
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